Lead halide perovskites have a range of spectacular properties and interesting phenomena and are a serious candidate for the next generation of photovoltaics with high efficiencies and low fabrication costs. An interesting phenomenon is the anomalous hysteresis often seen in current−voltage scans, which complicates accurate performance measurements but has also been explored to obtain a more comprehensive understanding of the device physics. Herein, we demonstrate a wavelength and illumination intensity dependency of the hysteresis in state-of-the-art perovskite solar cells with 18% power conversion efficiency (PCE), which gives new insights into ion migration. The perovskite devices show lower hysteresis under illumination with near band edge (red) wavelengths compared to more energetic (blue) excitation. This can be rationalized with thermalization-assisted ion movement or thermalization-assisted vacancy generation. These explanations are supported by the dependency of the photovoltage decay with illumination time and excitation wavelength, as well as by impedance spectroscopy. The suggested mechanism is that high-energy photons create hot charge carriers that either through thermalization can create additional vacancies or by release of more energetic phonons play a role in overcoming the activation energy for ion movement. The excitation wavelength dependency of the hysteresis presented here gives valuable insights into the photophysics of the lead halide perovskite solar cells.
■ INTRODUCTION
Lead halide perovskite materials have recently gained popularity in the solar cell research community by showing promising photovoltaic performances 1 comparable with 40 year old PV technologies like CIGS and CdTe. 2, 3 The lead halide perovskites have spectacular material properties such as a large extinction coefficient in the visible range, 4 high carrier diffusion lengths, 5 high charge mobilities, 6 high dielectric constant, 4 and suitable band gap and valence/conduction band (VB/CB) positions for commonly used charge-selective materials. These make them interesting candidates for photovoltaic applications, and they have demonstrated the highest ever seen power conversion efficiency (PCE) increase rate for solar cell materials. 7 Methylammonium (MA) lead iodide perovskite (MALIP) 8, 9 is the material that has attracted the most interest initially. The highest reported efficiencies have, however, been reported for mixed-ion halide perovskites in which some of the iodide and MA have been replaced with bromide and formamidinium (FA)/caesium, respectively. 10, 11 A hysteresis in the current voltage (IV) measurement is frequently seen in perovskite devices. 12, 13 This is an issue that needs to be understood in more detail. It would not only simplify the measurements of the correct PCE and device characteristics but also pave the way for a deeper understanding of the physics behind the remarkable photovoltaic performance. The hysteresis in MALIP solar cells was initially reported to depend on the scan rate, illumination history, device architecture, and scan direction 12, 13 and has been investigated by several groups. 14−24 The same type of hysteresis, with varying magnitude, has been reported in perovskites with a wide range of compositions, including the mixed perovskites with record efficiencies.
The observed hysteresis depends on the nature of the chargeselective contacts 25 and can be reduced in highly efficient devices by different strategies, e.g., changing the thickness of the mesoporous TiO 2 layer 14 or using organic-selective contacts such as fullerene 26 and PCBM ( [6, 6] -phenyl C61-butyric acid methyl ester). 27 Ion migration, 18, 20 interface electric fields, 28 ferroelectric and polarizability domains, 15, 19 and interface charge accumulation 24 have all been suggested to be fully or partly responsible for this effect, although a complete and convincing physical picture is still lacking. The hysteresis in current voltage measurements is indicative of phenomena that are evolving in time until a relaxed steady state can be reached. The time scale of these phenomena is comparable to or longer than the delay in between the voltage scan steps, i.e., 10−100 μs. Nevertheless, a combination of all these suggestions could be a more comprehensive explanation for the hysteresis as they are interlinked processes. Examples of how they could be related have been discussed in terms of photoinduced ion migration, 29 ion migration-induced lattice structural changes, 30 rotation of organic dipole coupled with ion migration, and charge accumulation at interfaces due to ion migration. 17 Recently, it has been reported that by considering the intrinsic ion migration within perovskites together with interface recombination the hysteresis can be explained in the devices employing both organic and inorganic charge-selective contacts. 18 In this work, we investigated the hysteresis photon energy dependence to develop a more complete mechanistic picture. We report a distinctive excitation wavelength dependency of the hysteresis in high-efficiency mixed-halide perovskite devices. This gives important insights into the ionic movement and the photophysics in the perovskites. The observed phenomena are explained in detail in terms of phonon-related ion migration and different electronic transitions. ■ METHODS Device Fabrication. As substrate for the devices, FTO NSG 10 was used. The substrates were cleaned in freshly prepared piranha solution composed of five parts concentrated H 2 SO 4 and two parts 30% H 2 O 2 . The substrates were soaked in the piranha solution for 10 min and then rinsed in water and then ethanol. They were thereafter treated in a UV−ozone cleaner for 10 min. A hole bocking layer of TiO 2 was deposited on the cleaned FTO substrates using spray pyrolysis (see the Supporting Information for the details). This procedure gives a compact layer of anatase with a thickness of around 20−30 nm. On top of the compact TiO 2 layer deposited by spray pyrolysis, a mesoporous scaffold of TiO 2 nanoparticles was deposited by spin coating. TiO 2 paste (30 NR-D) was bought from Dyesol and was dissolved in ethanol at a concentration of 150 mg/mL. On each substrate (1.4 × 2.4 cm) 50 μL of the TiO 2 solution was applied and spin coated at 4000 rpm with an acceleration of 2000 rpm/s for 10 s. The substrates with mesoporous TiO 2 were sintered at 450°C in air on a hot plate for 30 min and then slowly cooled to ambient temperature. Prior to perovskite deposition, the substrates with mesoporous TiO 2 underwent a lithium treatment. On the substrates, 100 μL of 35 mM lithium bistrifluoromethanesulfonimidate, Li−TFSI, in acetonitrile was applied, and thereafter the substrates were spun at 3000 rpm for 10 s. The substrates were then thermally annealed in air at 450°C for 30 min and then slowly cooled down to 150°C, where after they were brought directly into a glovebox for perovskite deposition. For devices with a SnO 2 electron-selective contact, the SnO 2 was deposited by atomic layer deposition, ALD, at 120°C using a Savanah ALD 100 from Cambridge Nanotech Inc. The substrates with SnO 2 were directly prior to perovskite deposition treated in a UV−ozone cleaner for 10 min. The precursor solutions were prepared in a glovebox with nitrogen atmosphere. Stock solutions of PbI 2 and PbBr 2 were prepared in advance, whereas the final precursor solutions were prepared just before the perovskite deposition. The solvent used for the perovskite solutions was a mixture of anhydrous dimethylformamide, DMF, and anhydrous dimethyl sulfoxide, DMSO, in the proportion 4:1 by volume. Four master solutions were prepared: PbI 2 and CH 3 Directly after spin coating, the films were placed on a hot plate at 100°C, where they were annealed between 30 and 70 min depending on the perovskite composition. At this temperature the transformation into the perovskite is visually seen to occur within the time frame of 1 min. After heat treatment the samples were cooled to ambient temperature where after the solid state hole conductor was spin coated on top of the films. A 70 mM solution of Spiro-MeOTAD (spiro) dissolved in chlorobenzene was used as a hole conductor. To improve the performance of the spiro, three different additives were added: 4-tert-butylpyridine, 1.8 M Li−TFSI in acetonitrile, and 0.25 M Co[t-BuPyPz] 3 [TFSI] 3 , also known as FK209, in acetonitrile. The Spiro:FK209:Li-Tfsi:TBP molar ratio was 1:0.05:0.5:3.3. The spiro was deposited by spin coating at 4000 rpm for 20 s. A 50 μL amount of the solution was deposited on the spinning film using a hand-held automatic pipet a few seconds into the spinning program. The samples were stored in a desiccator pumped under vacuum for 1 day, and the back contact was then deposited. The front and back contact were composed of an 80 nm thick gold film deposited by physical vapor deposition at a pressure of around 2 × 10 −5 Torr using an evaporator from Leica, EM MED020.
Device Characterization. All measurements were done in air atmosphere and room temperature; our mixed-perovskite devices were stable, keeping the high efficiency in the interval of measurement; please see Figures S10 and S11 of the Supporting Information for typical stability data for thousands of seconds. The same intensity of incoming light (30 mW cm −2 ) or the same photon flux was used for the excitation. The light sources used were a solar simulator (Newport class ABB) for white light and two LED sources: Thorlabs M625L3 for red light (625 nm) and Thorlabs M470L3 for blue light (470 nm). A power meter (Thorlabs PM 100D) with a mask (0.1256 cm 2
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A minimum of 3−4 devices of MAPbI 3 and mixed perovskite were tested. For IV measurement before each forward−reverse scan, the cell was kept in the dark at 0 V bias for a few minutes. IPCE of the devices were measured with a lab-made setup with a xenon lamp, a monochromator, a Si diode detector connected to a lock-in amplifier, and a computer. Bias light was produced by the above-mentioned light sources for red, blue, and white light, and its intensity was measured by the power meter/silicon diode. A shutter with 30 Hz frequency and the DC bias light were implemented for ac IPCE, and the result is reported in Figure S1 . EIS spectra were recorded by an Autolab potentiostat in open circuit with illumination or with a constant current mode plus illumination. The latter corresponds to a working condition point in the middle of the IV curve. The implemented illumination intensities were calibrated in order to have the same number of incoming photons or the same intensities for blue and red excitations. Frequencies from 1 MHz to 10 mHz were chosen.
V OC decay measurements of devices were done initially for red and blue illumination. Directly after those measurements, the device was light soaked in either red or blue light for about 5 min and then again measured for V OC decay.
All characterization studies were done in ambient atmosphere with a maximum of 30% humidity. All of the observed changes in the IV curves were reversible. By keeping the films in the dark for sufficiently long times, the films return to their initial conditions before each measurement. The scan to forward bias (0 V to open-circuit potential (V OC )) is the forward scan; the reverse scan is from V OC to 0 V. More details of experimental methods can be found in the Supporting Information.
■ RESULTS AND DISCUSSION
The schematic of the mixed-perovskite devices is presented in Figure 1a . IV measurements were performed on efficient perovskite solar cells under different illumination conditions: simulated sunlight (AM1.5G), blue light, or red light (Figure 1b and 1c). Since the thermalization losses of the initially created charge carriers are smaller under red light illumination than under both blue and white light illuminations, higher device efficiencies are calculated for red light illumination. For our best device the PCE under red light (625 nm) was as high as 42%, compared to 19% under AM 1.5G.
In line with other reports 13, 16 we observed a hysteresis in the IV measurements of the mixed-halide perovskite solar cells. 11 Interestingly, the IV measurements revealed a clear excitation wavelength dependency: red light illumination did in all cases result in less hysteresis than blue light. The difference in the fill factor (FF) between the forward scan (0 V → V OC ) and the reverse scan (V OC → 0 V) was a few up to 20%, while V OC and short-circuit current density (J SC ) did not show significant changes. We will quantify the hysteresis in IV curves by defining a hysteresis factor (HF) as follows
A similar trend was observed in the hysteresis for the MALIP devices (see SI). Statistics of the hysteresis and device performance for all measured devices are reported in the SI. In the mixed-perovskite devices, an interplay of the recently reported inverted 31 and normal hysteresis can be found at different light intensities or scan rates, 31 which was observed in a few of the devices (S5, Supporting Information). For the typical inverted hysteresis a larger FF and V OC are observed for the forward scans due to the presence of extraction barriers at the interfaces (for mixed perovskites). This is in contrast to the case for the normal hysteresis, 16 which will give a higher FF and V OC for the reverse scans, Table 1 .
Special care was taken to keep all devices at the same initial condition with respect to illumination and bias before measurement to eliminate the effect of illumination and bias Under open-circuit illumination conditions, accumulation of electrons at the FTO/TiO 2 contact and holes at the spiro/Au contacts will take place. Mobile ions and ion vacancies in the perovskite layer will move in the resulting electric field. Specifically, positively charged iodide vacancies, believed to be the dominating ionic defect, will move toward FTO/TiO 2 and away from spiro/Au contact under these conditions. At 0 V (short circuit), on the other hand, no charge accumulation takes place at the contacts and the internal electric field will be lower as a result. Ionic defects will be closer to their equilibrium position in the bulk of the perovskite film.
The observed hysteresis has been explained by a difference in the profile of ionic species within the perovskite film at reverse/ forward scans, which can affect charge extraction at the contact and recombination. Therefore, one expects that a higher degree of ion displacement can cause a stronger hysteresis.
Herein, devices with both TiO 2 and SnO 2 electron blocking layers have been investigated, i.e., cells with the stack sequences of FTO/TiO 2 /mesoporous_TiO 2 /perovskite/spiro/Au and FTO/SnO 2 /perovskite/spiro/Au. SnO 2 blocking layer is used since it has been reported to reduce the inverted hysteresis in mixed-perovskite devices in planar configuration 32 wherefore a comparison between devices with TiO 2 and SnO 2 electron transport layers (ETL) could provide additional information. The trend in hysteresis with respect to excitation wavelength was the same for the devices with TiO 2 and SnO 2 ETL. The excitation wavelength dependency of the hysteresis can thus not be explained merely by recombination rate differences at the contact to the ETL as has been suggested 31 but must at least in part be linked to intrinsic effects in the lead halide perovskite (S5 of SI).
To further investigate this behavior, IV measurements were conducted under different light intensities for different excitation wavelengths (Figure 2 and SI). While hysteresis is negligible for red light excitation at all intensities, there is clearly less hysteresis at lower intensities for blue light ( Figures  S3−8 , Tables S1−4, section S5, Supporting Information).
The fundamental dissimilarity between IV curves measured under red and blue illumination is also presented for MALIP devices, which do not have inverted hysteresis, even though the magnitude was smaller than for the mixed perovskites ( Figure  S2 , Supporting Information). Here we will primarily focus on the high-efficiency mixed-perovskite devices. Albeit the red illumination gives little or no hysteresis at all light intensities (Figure 2 ), blue illumination results in a hysteresis that increases with higher light intensities. This wavelengthdependent hysteresis can thus not be explained by different absorption profiles of red and blue photons as previously reported for mixed perovskites. 16 In the IV curves, a competition between the normal and the inverted hysteresis can be observed; however, a more direct and fundamental comparison can be made through impedance spectroscopy and voltage decay measurements under blue and red illuminations.
A correlation between the current decay 20, 33 or voltage decay 18, 34 time constants to the activation energy of the mobile ionic species and ionic-movement-coupled free charge recombination in MALIP has been reported previously. To explore the hysteresis effect in more detail, open-circuit voltage decay measurements were performed under different illumination conditions (Figure 3 and Figure S4 , Supporting Information). Before any light soaking and current−voltage measurements on the devices, the voltage rise and decay were relatively rapid, see Figure 3a . Specifically, there was a certain amount of time needed for the voltage to reach a plateau, but there was no long-lived voltage decay. The corresponding rise and decay times are related to the charge recombination in the perovskite film, which are in the microsecond time scale. 34 Initially, the difference between red and blue illumination was minimal, even under light soaking (see S3 of Supporting Information), while after voltage current measurements a substantial difference was observed (Figure 3b and S4 and S5). After forward and reverse IV scans, a long-lived tail in the V OC decay was found, for which the half time of the decay increased with increased illumination time and excitation energy. Longer illumination times lead to longer tails, and blue light leads to longer tails than red light (Figure 3b ). Furthermore, by keeping Table S4 . Device has a TiO 2 ETL with a mesoporous TiO 2 film.
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Also, in impedance spectroscopy (EIS) a significant effect of illumination wavelength was found ( Figure 4 ). The EIS spectra at open circuit show two distinct semicircles in the Nyquist plot ( Figure S9 ) that can be ascribed to electron−hole recombination and ionic transport for the high-and low-frequency semicircle, respectively. 34 In the Bode plot of the imaginary part of the impedance (z′′) vs frequency (Figure 4 ) two distinct maxima are found for −z′′ which can be used to determine the time constants of the different processes. While the highfrequency time constant is essentially unchanged, the lowfrequency time constant became longer when changing from red to blue light excitation, see Figures 4 and S9 . The highfrequency (free carrier recombination) time constant is expected to depend on the number of incoming photons in which a higher number of photons results in a higher recombination rate and consequently a lower impedance in the high-frequency semicircle. The free charge carrier concentration changes versus time (dn/dt) is a second-order power function of the carrier density (eq 2)
In V OC decay curves (Figure 3 ), the ionic species may have similar diffusion coefficients; however, the distribution of ions in the film would be different which can affect the recombination rate within the film. 34 Therefore, the charge density in eq 2 is different at different locations of the film and depend on the distribution of the ionic species. On the other hand, the maximum of the low-frequency semicircle occurs at lower frequencies for blue illumination than for red. This is likely to be linked to the slower voltage decay for this light color in Figure 3b . It is worth mentioning that stability issues should be taken into account for these measurements. However, our highly efficient devices were completely stable in the time scales of our presented measurements (see Figures S10 and S11, Supporting Information).
Long illumination times and specifically high-energy photons seems to cause an accumulation of the ionic species at the interfaces under open-circuit conditions. Blue light, more than red light, seems to promote the accumulation of ions in lead halide perovskites. This can be due to a photoinduced effect on the ionic motion, i.e., the activation of ion transport, or due to the creation of additional ionic defects. In the dark, however, ion diffusion will be the same. Carrier motion and recombination will be linked to the ionic motion. The slower voltage decay after blue illumination could come from the strong ion accumulation at the interfaces, leading to a higher capacitance C of the device. The discharge time RC is therefore longer, since R (linked to ion motion) is the same.
Since red and blue illumination have different absorption profiles in the perovskite film, the distribution of ions in the film would be different, which can affect the recombination rate within the film. 34 Therefore, the charge density in eq 2 is different at different locations of the film and depend on the distribution of the ionic species. This can correlate to more hysteresis in IV scans and lower FF of the device under blue illumination. This wavelength dependency together with the time scale/frequency of the features correlates well to the trend of observed hysteresis effect in the IV scans. The data show a clear difference between the ionic movement resistance under blue and red excitation. Therefore, the difference between the red and the blue illumination is related to not only the recombination profile differences but also the ionic transport. The Journal of Physical Chemistry C Article Possible Explanations and Suggestions. Ion migration is currently seen as the most plausible explanation for the observed anomalous hysteresis in the perovskite solar cells. Theoretical simulations support this picture. Our measurements give additional insight into the ionic movement hypothesis. In particular, they demonstrate that the hysteresis depends on the excitation wavelength and that it increases with more intense illumination or by longer illumination times. This means that unless the ion movement has reached an equilibrium, a higher photon flux or more energetic photons increases the ionic movement which magnifies the observed difference between the forward and the reverse IV scans. The fundamental difference between absorption of blue and red light is the electron thermalization and cooling energies. The more energetic blue light excites upon absorption the electrons to higher electronic levels, and when the excited electrons relax back to the conduction band edge, they release more phonons. Light-induced structural changes 35 and photoinduced ion migration have been reported and explained by iodide migration. 29 Any light-induced or nonlight-induced ion migration will be assisted by vibrational modes of the lattice. Excitation by blue light would lead to a larger number of phonons or might result in excitation of higher vibrational modes that to a greater extent could assist in ionic diffusion compared to the situation of the red light excitation.
A simple transition-state model for the thermal activation of the iodide movement via the jump rate Γ 35 has been widely used to describe the ionic displacement within lead iodide perovskite, where ν 0 is the attempt frequency and the ΔE activation energy
A higher number of phonons and possibly also different vibrational modes excited under blue illumination can increase the jump rate and consequently the diffusivity of I vacancies, 35 which is in line with our experimental data.
Moreover, the reported hysteresis factors would depend on the time scale of the measurement. Slow scan rates that are comparable to the ion migration equilibrium times would lead to a stable steady state charge accumulation in the interfaces between the perovskite and the charge-selective contacts, which would decrease the observed hysteresis. What we see here is that longer illumination times, up to minutes, lead to more ion migration and/or faster ion migration which correlates with higher hysteresis and longer V OC decay times. In summary, under illumination, ions will move in the perovskite structure which will cause some hysteresis, but for more energetic illumination, the excess phonons generated will speed up this process and increase the observed hysteresis.
Higher Fill Factor for Red Illumination. Electronic transport in the lead halide perovskite materials have with reasonable success been described by the Drude model 36 in which the mobility (μ) depends on the scattering time (τ), the effective mass of charge carriers (m*), and the electron charge (e) (eq 4)
The electron phonon scattering rather than impurity scattering is the main phenomenon responsible for the observed electron scattering life times in terahertz measurements 37 and is thus the relevant scattering time in the Drude description.
The higher thermalization for blue-light-created charge carriers implies production of more phonons or that created phonons are more energetic as well as an increase in the temperature of the lattice. A temperature dependence of the mobility of the MALIP has been reported 36 in which the electron mobility follows the Drude model behavior with a T −3/2 power law. A 15°C increase in the lattice temperature results in a 25% decrease in the electron mobility at room temperature. That can, at least partially, be responsible for the better FF under the red light excitation. 36 However, the presented IV curves are in disagreement with reported trends for MALIP device performances at different temperatures, i.e., an increase in FF at expected lower temperature red illumination cannot be observed here, and the FF differences are not temperature related by itself. 38 The different absorption profiles of red and blue photons can play a role but cannot fully explain the higher fill factors observed under red illumination. Although the presented results are compared for the same number of absorbed photons, the clear light intensity dependency of hysteresis in mixed perovskites and the trends of normal hysteresis in MALIP devices cannot be explained with different absorption profiles (S5 of the Supporting Information as well as the differences in Figures 3 and 4 ). For example, blue illumination of lower intensity than red illumination still leads to more hysteresis (see SI). A very similar recombination lifetime and different ionic transport lifetime values for red and blue illumination (Figure 4 ) are further confirming our conclusion concerning photon-assisted ionic movement.
Moreover, for the same illumination wavelength the change in hysteresis with light intensity is in agreement with the idea of thermalization-assisted ion movement. The IPCE of the devices does not show any prominent effect on the bias light wavelength ( Figure S1 ). However, the exact amount of the device temperature changes due to extra thermalization for blue-excited electrons, and its exact contribution to device fill factor is not clear. Furthermore, any mobility change due to thermalization should be unfeasible in both the forward and the reverse scans and therefore has no direct contribution to the observed hysteresis differences between blue and red excitations.
Electron−Phonon Scattering. The more fundamental difference between blue and red excitations can be considered in terms of electron−phonon scattering. Electron−phonon interactions are mainly through the longitudinal optical (LO) phonons which mainly vibrate the Pb−I bonds. 37 A possible explanation could be assisted ion (iodide) migration by the phonons that recently has been suggested from device and Stark spectroscopy data. 35 Regarding the red illumination, it has been suggested that the coupling of near band edge electronic density of states with phonons is different from higher energy levels that makes the cooling lifetime of hot carriers several orders of magnitude longer for the near-band edge illumination. 39 This is relevant to the experimentally observed longlived hot holes in the MALIP, 40, 41 which is consistent with our observed FF enhancement for red excitations and our suggested phonon-assisted electronic transport herein which is related to the ionic movement.
Possibility of Different Electronic Transitions. According to electronic density of states calculations, the destination energy levels of excited electrons would be different if they are excited by blue or red light. 35 It has been suggested that a possible electron transfer to the organic cation can occur during
The Journal of Physical Chemistry C Article blue excitation, which can affect the photoinduced ionic movement or any other possible responsible phenomenon for the hysteresis effect. In addition, the possibility of photoinduced traps and their relation to electronic and ionic transport as well as the impacts of more energetic blue photons cannot be excluded. McGehee and coauthors reported photoinduced traps created by blue light illumination within the mixed-perovskite films that is dependent on the illumination light intensity. 42 Therefore, it is possible that blue illumination creates new vacancies that can give rise to higher ionic conduction and an increase in the hysteresis within the device. The nature and mechanism of the creation of these traps is unclear and needs to be described in terms of how the blue light affects the perovskite structure, such as creation of vacancies and distortions from ion migration. 43 Recent experimental data for light intensity dependence photoinduced ionic movement 43 are in line with our suggested explanation for hysteresis data, and on the other hand, the difference in the Stark effect dynamics 35 in lead halide perovskite films under blue and red light is also a clue to the mechanism of trap creation via structural deformations and ion migration that would depend on different parameters that we shortly discussed here.
■ CONCLUSIONS
The frequently observed hysteresis in the IV measurements of lead halide perovskite solar cells is found to be dependent on the wavelength of the illumination, where blue light gives more hysteresis than red. In open-circuit voltage decay measurements after blue light illumination, much slower decay is found compared to after red light. These observations point to the effects of photoinduced ionic conductivity: blue light promotes either ion transport by the electron phonon interactions or by the generation of additional vacancies. Further detailed investigations are needed to pinpoint the precise nature of the effects described here. 
